~" Rats with rotational behavior consequent to unilateral lesions of the substantia nigra have been proposed for an experimental model of Parkinson's disease. Adrenal medulla or embryonic substantia nigra grafts in the lateral ventricle of these animals reduce this rotational behavior. For application to primate and human subjects, it may be necessary to implant tissue directly into the parenchyma of the corpus striatum rather than into the ventricle in order to achieve a sufficient distribution of the grafted tissues and increase the efficacy of the gratis. In the present study, the properties of intraparenchymal adrenal medulla grafts were investigated. Gratis were obtained from both young (4 to 5 weeks old) and aging (22 to 24 months old) donor rats. Much of the implanted tissue did not survive, although 200 chromaffin cells per recipient rat were found to have survived for at least 6 months. All of the surviving cells developed process-like cytoplasmic extensions, although these processes did not appear to have reinnervated host brain tissue. Grafts from both young and aging donor rats prevented a slight deterioration in the performance of a sensory neglect test that was observed in a control group that received grafts of sciatic nerve. There was also a tendency that did not reach statistical significance for grafts from young (but not from aging) donors to decrease apomorphine-induced rotational behavior. It is concluded that, although the corpus striatum does not appear to provide a particularly favorable environment for the implantation of adrenal medulla grafts, striatal implants of adrenal medulla might become a promising procedure if a means of improving the survival of these tissues could be developed.
M
OST of the manifestations of Parkinson's disease are thought to be due to degeneration of the nigrostriatal dopamine system. 3'17 Brain tissue transplantation has been investigated in animal models of Parkinson's disease as a possible method for repairing this system by providing a new dopaminergic input to the striatum. Initially, this was accomplished in rat models by transplanting embryonic substantia nigra into the lateral ventricle or into prepared cavities in the cerebral cortex. 4 '9'15"25 To avoid the requirement for embryonic tissue donors, adrenal medulla has been tested as a possible substitute for embryonic substantia nigra grafts. When implanted into the lateral ventricle of the rat brain, adrenal medulla grafts from young adult donor rats decrease apomorphine-induced rotational behavior ~~ and produce large amounts of dopamineJ 3 Although these grafted cells develop some processes, these processes do not reinnervate the host and the behavioral effects instead appear to be due to secretion of dopamine directly from the grafts with diffusion into the host brain, t3 '14 One possible method for increasing the efficacy of adrenal medulla grafts would be to implant the tissue directly into the parenchyma of the caudate putamen. If feasible, this technique would allow for the implantation of grafts into more than one site within the target area, as well as reducing the loss of catecholamines into the cerebrospinal fluid. Intraparenchymal adrenal medulla grafts have been studied in rats, but only on a very short-term basis (for a few hours). 16"28 These grafts produced rotational behavior, apparently due to the release of catecholamines from dying cells, but within a few hours after implantation very few fluorescent cells were still detectable and the rotational behavior had ceased. Long-term survival and effects of these grafts on chronic behavior are unknown. Intraparenchymal grafting of dissociated adrenal chromaffin cells has also been attempted, but numbers of permanently surviving cells and degree of catecholamine production were again modest. 23 Intraparenchymal grafts of adrenal medulla have been performed in subhuman primates, but relatively small numbers of cells survive for significant periods of time. 21 The behavioral effects of these grafts have not been studied. Intraparenchymal adrenal medulla grafts have also been attempted in two human patients with Parkinson's disease. 2 There was some suggestion of a slight clinical improvement, although these results were not considered to be conclusive. There was also no conclusive evidence that the grafts survived for more than a few days. 2 Thus, most indications are that the duration of survival of adrenal medulla grafts in the striatum is limited, although small amounts of tissue appear to survive for extended periods. The long-term survival of solid adrenal medulla grafts in the striatum of rats has not yet been investigated. It is also not clear whether these small surviving grafts would be capable of producing behavioral effects.
We have therefore undertaken a study of the longterm behavioral effects and survival period of solid intraparenchymal adrenal medulla grafts. The specific purposes of this study were: 1) to investigate the longterm survival of intraparenchymal adrenal medulla grafts in rats; 2) to determine whether these grafts are capable of decreasing behavioral deficits produced by unilateral substantia nigra lesions; and 3) to compare the effects of intraparenchymal adrenal medulla grafts from young and aging donors. Preliminary results of these studies ~'12 and investigations of intrastriatal adrenal medulla grafts by other groups 22 have been presented previously.
Materials and Methods

Animals
Randomly bred Sprague-Dawley albino rats,* each weighing between 160 and 200 gm, were used for this study. Rats received unilateral lesions of the right substantia nigra by stereotaxic administration of 6-hydroxydopamine hydrobromide and were screened for rotational behavior as previously described.15
Adrenal Medulla Transplantation
Ten months after lesioning, the animals received grafts of adrenal medulla from young (4 to 5 weeks old) or aging (22 to 24 months old) male Sprague-Dawley rats, while control animals received sciatic nerve grafts from the same donors. Two whole adrenal medullae were dissected free of adrenal cortex as previously described, I~ and were divided into six to 20 pieces. Control rats received pieces of sciatic nerve of a similar size.
General methods for intraparenchymal transplantation have been described by Das and his colleagues. 6"7 * Rats obtained from Zivic-Miller Laboratories, Allison Park, Pennsylvania.
Briefly, recipients were anesthetized with Chloropent (a combination of chloral hydrate and pentobarbital) and received 0.2 ml of subcutaneous Flo-Cillin. Tissues were placed with a small amount of lactated Ringer's solution in a watch glass, and one-sixth of the tissue in a volume of about 10 tA was aspirated into the tip of a No. 20 deflected-point needle attached to a 1-ml tuberculin syringe.
The tissue was stereotaxically injected in a single bolus at coordinates 2,5 mm anterior and 2.4 mm lateral to the bregma and 4.0 mm below the dura. 24 The remaining aliquots of tissue were similarly injected at five sites distributed in the head of the caudate putamen.
Rotational Behavior Tests
Animals with unilateral lesions of the substantia nigra develop supersensitivity to dopamine in the ipsilateral caudate putamen. When these animals are given apomorphine, a dopamine agonist, they will turn or rotate away from the side of the lesion; this test is widely employed as a behavioral measure of the response to lesions of the substantia nigra. 29 Animals were tested in flat-bottomed plastic cylinders, 30.5 cm in diameter, containing a thin layer of sawdust, and a specially constructed device was used for measuring rotational behavior as previously described. 31 Briefly, animals are connected to a rotor via a rubber-band harness and a l-in. length of spring wire projection belt. These rotors are attached to banks of three photocells connected to a solid-state device which records complete 360 ~ turns in either direction. Animals were adapted to the testing chambers for at least 10 minutes before receiving apomorphine hydrochloride subcutaneously. Rotations were then recorded for a l-hour period.
Sensorimotor Neglect Tests
Contralateral sensorimotor neglect was assessed essentially by the method of Marshall, et al.19 '2~ Briefly, animals were adapted to large open cages in a room dimly illuminated by red lights and then were stimulated with a Van Frey-type hair (a nylon filament which delivered a 4-gm force) on 12 body locations on each side: dorsally and ventrally in four rostrocaudal locations, front and rear paws, snout, and whiskers. Reactions to the stimulus were graded on a scale of 0 to 4, with 4 representing turning and biting the stimulus and 0 representing no reaction. Scores were summed for the left and right sides. Animals that had total scores for the left side of 16 or greater were not considered to have a sufficient deficit and were not used for this test, although they were still tested for rotational behavior.
Testing Procedure
Three months after lesioning, the animals were tested for one session each with subcutaneous administration of apomorphine in dosages of 0.05, 0.1, and 0.25 mg/kg. From 4 to 10 months after lesioning, the ani-mals were tested for 10 sessions, using the dosage that produced the largest number of rotations, and were also tested twice (at 4 and 9 months) for sensorimotor neglect. Rotational behavior was retested 2 weeks after transplantation and for five sessions from 5 to 9 weeks after transplantation. Sensorimotor neglect was retested 1 week, 1 month, and 2, 3, 4, and 5 months after transplantation. Animals were sacrificed for histological examination from 5 days to 10 months after transplantation.
Histological Examination
Pargylene, 75 mg/kg, was injected intraperitoneally 4 hours before a chloral hydrate overdose was given, followed by perfusion with magnesium sulfate/glyoxylic acid solution as described by Lorrn, et al. ~8 Catecholamine fluorescence histochemical studies were then performed by the glyoxylic acid method of De la Torre. 8 Numbers of cells were counted on every third 32-u section and total numbers estimated by the first method of Abercrombie.'
Tyrosine hydroxylase immunocytochemical staining was also performed.t Indirect immunofluorescence studies were performed with a primary antibody dilution of 1:1000, using standard procedures. 5 Immunoperoxidase testing was carried out on frozen 12-um sections with a primary antibody dilution of 1:3000, using standard procedures. 27 Briefly, sections were washed three times in Tris-saline at a pH of 7.6, incubated in methanol for 15 minutes and in 0.03% H202 for 15 minutes, and then washed, incubated in 3% goat serum for 30 minutes, and incubated overnight at 4~ in primary antibody containing 1% goat serum. Sections were allowed to warm and were washed, incubated in goat-antirabbit immunoglobulin G diluted 1:10, washed, then incubated in peroxidase-antiperoxidase diluted 1:80, washed again, and incubated in 0.03% diaminobenzidine solution with 0.2% H202, then washed and dehydrated, and a coverslip was applied. For control sections, normal rabbit serum was substituted for primary antibody.~
Data Analysis
Animals that received sciatic nerve grafts similar in size to adrenal medulla from both young and aging donor rats were grouped together, as the number of animals of each type was small and there were no significant differences between the results in the two control groups. Rotational behavior data were converted to percentage reductions of rotations as compared to baseline (pre-transplant) data, and analyzed by one-way analysis of variance. Sensorimotor neglect data t Antibody kindly provided by Drs. Norman Weiner and William Tank of the Department of Pharmacology, University of Colorado, Denver, Colorado.
Immunoglobulin G and peroxidase-antiperoxidase obtained from Sternberger Meyer, Jarrett, Maryland; diaminobenzidine obtained from Bionetic Laboratories, Inc., Kensington, Maryland. (which involved arbitrary scores) were analyzed nonparametrically by Kruskal-Wallis H-tests. 26
Results
Rotational Behavior
In general, the effects of grafting on rotational behavior were not statistically significant. Adrenal medulla grafts from young donor rats tended to reduce apomorphine-induced rotation as compared to sciatic nerve grafts, while adrenal medulla grafts from aging donor rats tended to slightly increase rotation (Fig. 1) . A oneway analysis of variance for the percentage reductions in rotational behavior (as compared to baseline for each rat) 2 months (7 to 9 weeks) after transplantation revealed a significant effect of treatment (F2,43 = 3.71, p = 0.032). Scheff6 multiple comparisons revealed a significant difference between results of adrenal medulla grafts obtained from young versus aging donor rats (T = 2.66, p = 0.011), but neither adrenal medulla graft group showed results significantly different from those of the sciatic nerve control group. The difference at 2 weeks after transplantation did not reach statistical significance (p > 0.2). The mean reductions in rotational behavior for all testing sessions performed 5 to 9 weeks after graft implantation also did not reach statistical significance (F2,43 = 2.98, p = 0.0597). Thus, the grafts from neither young nor aging donors significantly decreased rotational behavior as compared to the control group, although there was a tendency toward a decrease in the rats grafted with adrenal medulla from young donors.
Sensory Neglect
The performance of the animals that received sciatic nerve grafts deteriorated slightly by 2 months after implantation of grafts, while the animals that received adrenal medulla grafts from either young or aging donors did not show this tendency to deteriorate (Fig.  2) . Two months after transplantation the sciatic nerve control group had deteriorated by 4.0 + 2.8 units (median _+ semi-interquartile range) while the young adrenal medulla group deteriorated by 0.5 _+ 3.0 units and the aging adrenal medulla group deteriorated by 1.0 + 4.5 units (Fig. 3) . This difference was statistically significant (Kruskal-Wallis H-test = 6.22, p = 0.044).
The animals that received adrenal medulla grafts did not improve in their performance after transplantation. A slight tendency for improved performance on the first test conducted 1 week after transplantation can be discerned in Fig. 2 , but this did not approach statistical significance (p > 0.2).
Histological Findings
Individual injection sites were not easily distin- guished, and therefore only the total n u m b e r o f surviving cells per recipient animal was determined. In general, however, chromaffin cells were found only at one or two sites per rat, indicating that the grafts did not survive at many injection sites. Sites without surviving catecholamine-containing cells were filled with fibrous tissue and some macrophages. In general, fewer than six injection sites could be distinguished, so it is probable that some injection sites became merged during the grafting procedure.
Surviving grafts consisted o f small groupings o f intensely fluorescent cells (Fig. 4a and b) . Higher magnification of a single cell with a prominent process. By varying the focus plane, it was seen that each cell had a single short process.
• 900. cells found was 807. Surviving cells were intensely fluorescent, suggesting the presence of high concentrations of catecholamines. These cells were also surrounded by areas of diffuse fluorescence (Fig. 4c) , suggestive of an active secretion of catecholamines and diffusion away from the grafts. No catecholaminergic cells were found at the site of transplantation in any of the three animals examined that had received sciatic nerve grafts.
To study short-term survival of the grafts, two animals were sacrificed 5 days after transplantation and were processed for tyrosine hydroxylase fluorescence immunocytochemistry. There were 990 and 2940 surviving cells, respectively. Tyrosine hydroxylase immunocytochemistry at longer survival times (1 to 4 months) revealed small groups of rounded or polygonal cells approximately 10 to 20 um in diameter (Fig. 5 ). Each implanted cell had developed a single process at least twice the cell diameter in length. The possibility that these processes entered into the host brain tissue could not be conclusively ruled out, but none of the processes were seen outside the area immediately around the injection site.
Discussion
In general, the effects of intraparenchymal adrenal medulla grafts on behavior of the recipients were small. There were no statistically significant reductions in the number of rotations. Although the grafts prevented the progressive deterioration in sensorimotor performance seen in the control group, there was no actual improvement in performance. The minor changes in behavior were commensurate with the small number of surviving chromaffin cells. In contrast, intraventricular adrenal medulla grafts, which produce substantial improvements in rotational behavior, typically contain several thousand surviving catecholaminergic cells.
A trend toward a decrease in rotational behavior was seen in the animals that received grafts from young donor rats, while the adrenal medulla grafts from aging donors tended to increase rotational behavior. Neither group showed results that differed significantly from those of sciatic nerve controls, although the results in groups receiving adrenal medulla grafts from young versus aging donor animals were significantly different. This is generally consistent with previous observations that intraventricular adrenal medulla grafts from aging donors were not effective in reducing apomorphineinduced rotational behavior.l~ On the other hand, grafts from young and aging donor rats had similar effects on the sensorimotor neglect test. Animals with grafts from rats of intermediate ages have not been thoroughly examined. The reasons for the difference in results between young and aging donor animals are not known.
In the present study, intraparenchymal adrenal medulla grafts produced minimally detectable behavioral effects in rats. Relatively small numbers of cells survived and it is unlikely that grafts of this size would produce behavioral effects in monkeys or in man --species that have much larger striata. On the other hand, it is encouraging that the grafted cells that survived did so for extended periods and that grafts of this size could produce any behavioral effects whatever. It may be possible to obtain long-term survival of large numbers of intrastriatally implanted chromaffin cells by some manipulation, such as administration of hormones or trophic factors or pre-preparation of a more favorable implantation site 22,3~ (also WJ Freed and HE CannonSpoor, in preparation). If the number of these cells that survive can be increased, it may become possible to produce much more substantial behavioral recovery through implantation of adrenal medulla directly into the striatum. At this time, however, it is clear that lateral ventricular transplantation is the most efficacious procedure for intracerebral adrenal medulla grafting in rats.
